Developing effective techniques for the cryopreservation of human adipose-derived adult stem cells (ASCs) could increase the usefulness of these cells in tissue engineering and regenerative medicine. To this end, we investigated the post-freeze/thaw viability and apoptotic behavior of Passage 1 (P1) adult stem cells (ASCs) in 11 different media: (i) the traditional media containing Dulbecco's modifi ed Eagle's medium (DMEM) with 80% fetal calf serum (FCS) and 10% dimethyl sulfoxide (DMSO), (ii) DMEM with 80% human serum (HS) and 10% DMSO, (iii) DMEM with 1% methyl cellulose (MC) and 10% of either HS or FCS or DMSO, and (iv) DMEM with 0%, 2%, 4%, 6%, 8%, or 10% DMSO. Approximately 1 mL (10 6 cells/mL) of P1 ASCs were frozen overnight in a −80°C freezer and stored in liquid nitrogen for 2 weeks before being rapidly thawed in a 37°C water bath (1-2 min of agitation), resuspended in culture media, and seeded in separate wells of a 6-well plate for a 24-h incubation period at 37°C. After 24 h, the thawed samples were analyzed by bright-fi eld microscopy and fl ow cytometry. The results suggest that the absence of DMSO (and the presence of MC) signifi cantly increases the fraction of apoptotic and/or necrotic ASCs. However, the percentage of viable cells obtained with 2% DMSO and DMEM was comparable with that obtained in freezing media with 10% DMSO and 80% serum (HS or FCS), that is, ~84% ± 5% and ~83% ± 8%, respectively. Adipogenic and osteogenic differentiation behavior of the frozen thawed cells was also assessed using histochemical staining. Our results suggest that post-thaw ASC viability, adipogenic and osteogenic differentiability can be maintained even when they are frozen in the absence of serum but with a minimal concentration of 2% DMSO in DMEM.
Introduction
A t present clinically relevant survival rates for adipose-derived stromal/stem cells (ASCs) are primarily achieved through the use of cryopreservation solution containing fetal bovine serum (FBS) plus 10% dimethyl sulfoxide (DMSO) or growth medium containing serum plus 10% DMSO [1] [2] [3] [4] [5] [6] . Although DMSO is regarded as relatively nontoxic, the clinical use of frozen/thawed cells treated with DMSO can cause many adverse effects and toxic reactions [7] [8] [9] [10] [11] [12] [13] [14] . It has also been reported that DMSO is not only cytotoxic but it also induces differentiation of stem cells to cardiac or neuronal like cells when added to the cell culture medium [15, 16] . It is, therefore, imperative to reduce the toxicity by the removal of DMSO prior to clinical use. However, the total removal of DMSO from the frozen/thawed cells is costly and time consuming and invariably results in cell loss and clumping [7, 8] . Therefore, it is necessary to develop cryopreservation protocols either with lower concentrations of DMSO or with nontoxic alternatives to DMSO.
A major constituent of the media used for the cryopreservation of ASCs is serum derived from animals. Serum is routinely added to the cryopreservation media as a source of nutrients, and other undefi ned factors, in spite of scientifi c and technical disadvantages to its inclusion, its high coast, and the increasing availability of serum-free alternatives [17] [18] [19] [20] . Obviously, for in vivo clinical use, the elimination of animal serum proteins and all possible sources of infectious diseases such as hepatitis, human immunodefi ciency virus (HIV), and bovine spongiform encephalopathy (BSE) is a prerequisite [21] [22] [23] . Therefore, it is necessary to replace serum as a supplement in freezing media used for cryopreserving ASCs. In contrast to animal serum, the use of an autologous THIRUMALA, GIMBLE, AND DEVIREDDY 2 37.8 ± 9.1 years, mean body mass index (BMI) of 24.0 ± 2. Tissue samples (100-200 mL) were washed 3-4 times in phosphate-buffered saline (PBS) pre-warmed to 37°C, suspended in PBS supplemented with 1% bovine serum albumin and 0.1% collagenase (Type I; Worthington Biochemicals, Lakewood, NJ), and digested with gentle rocking for 45-60 min at 37°C. The digests were centrifuged for 5 min at 1,200 rpm (300g) at room temperature, resuspended, and the centrifugation step repeated. The supernatant was aspirated and the pellet resuspended in stromal medium (DMEM high glucose, 10% FBS, 100 units penicillin/mL, 100 μg streptomycin/mL, and 25 μg amphotericin/mL). The cell suspension was plated at a density equivalent to 0.125 mL of liposuction tissue per square centimeter of surface area, using a 35-mL volume of stromal medium per T225 fl ask. Cells were cultured for 48 h in a 5% CO 2 , humidifi ed, 37°C incubator. At which time, the adherent cells were rinsed once with prewarmed PBS and the cells fed with fresh stromal medium. The cells were fed with fresh stromal medium every 2-3 days until they reached approximately 75%-80% confl uence. The medium was then aspirated; the cells were rinsed with pre-warmed PBS, and harvested by digestion with 0.05% trypsin solution (5-8 mL per T225 fl ask) for 3-5 min at 37°C. The cells were suspended in stromal medium, centrifuged for 5 min at 1,200 rpm (300g), the pellet resuspended in a volume of 10 mL of stromal medium, and the viable cell count determined by trypan blue exclusion. These cells were identifi ed as Passage 0 (P0). The remaining cells were seeded in T225 fl asks at a density of 5 × 10 3 cells/cm 2 . The cells were maintained in culture and passaged as described earlier to obtain the Passage 1 (P1) ASCs used in this study. A portion of the cells was resuspended in the various media at a concentration of 1.0 × 10 6 cells/mL of cryopreservation medium [3] [4] [5] [6] 32] .
Preparation of freezing solutions
The CPAs used were: MC (Methocel® MC, viscosity of 3,000-5,500 mPa·s for 2% in water, 20°C) and DMSO (average molecular weight: 78.14). DMSO was used as received while MC was autoclaved at 121°C for 30 min before being added to DMEM. The DMEM-MC solutions (MC concentration of 1%) were prepared by dissolving weighted MC in DMEM at room temperature and the solutions were then stored overnight at 4°C to obtain a homogeneous preparation. Concentrations above 1% MC were found to be highly viscous and hard to handle and hence were not used in the present study. Table 1 shows the details of the cryopreservation media tested in this study. Before freezing, 1 × 10 6 P1 ASCs were added to 1 mL of cryopreservation media and were incubated at room temperature for 10 min to allow the CPA to get into the cells and establish the osmotic equilibrium.
Freezing (and thawing) experiments
The P1 ASCs were frozen at −80°C in an ethanol-jacketed closed container overnight. The cells were then subsequently stored in liquid nitrogen for at least 2 weeks until use. Prior to the bright-fi eld microscopy and the fl ow cytometric analysis, individual cryovials of cells were rapidly thawed in a 37°C water bath (1-2 min of agitation), resuspended in the stromal culture media, and seeded into the separate wells of a 6-well plate for a 24-h incubation period at 37°C. serum for supplementation eliminates the risk of infectious diseases completely. A drawback, however, is that the production of autologous serum is a costly process and requires a preoperative blood donation by the patient. As a replacement for animal serum and to overcome the disadvantages of autologous serum, it is also possible to use human serum albumin in cryopreservation of ASCs. However, the risk of transmission of infectious diseases is not completely eliminated and the production of human serum albumin involves a major capital outlay [23] . Therefore, efforts need to be made to reduce, and preferably remove, serum (animal and human) in freezing (cryopreservation) media.
Methylcellulose (MC) is a high-molecular-weight polymer that has been used previously as a supplement in a serum-free culture medium and in cryopreservation of serum-free cultured cells [24] [25] [26] [27] [28] [29] [30] [31] . Some investigators who have added MC to cell culture media have suggested that MC has its main role as a protective agent since it has minimal nutritional value for mammalian cells [24, 28] . Thomas and Johnson [29] suggested that besides its protective function, MC also has a stimulatory effect on cells in suspended culture. Kuchler et al. [30] successfully eliminated the use of animal serum in their fi broblast cell-line cultures by the addition of MC and they further suggested that the function of the serum proteins and the methylcellulose in cell culture is similar. Merten et al. [25] claimed that for Vero and BHK-21 cells, no differences could be found between the cells frozen in the standard freezing medium (containing 10% fetal calf serum) and those frozen in serum-free media (containing 0.1% MC), with respect to growth and viability. Ohno et al. [31] showed that the presence of methylcellulose was a necessity in a serum-free media for increasing the viability of HeLa cells after thawing. Hence, we hypothesized that the presence of MC may be a necessary supplement during cryopreservation of ASCs in serum-free conditions.
In an effort to address the challenges posed by the presence of high concentrations of DMSO and potentially dangerous animal serum during current cryopreservation protocols for ASCs, the current study examined the apoptotic and necrotic response of passage 1 (P1) ASCs when the cells are frozen/thawed in the absence of serum and in the presence of several concentrations of DMSO as the sole cryoprotective agent (CPA). Further, we investigated the potential benefi ts of MC as a supplement in a serum-free freezing media in the presence and absence of DMSO. 
Materials and Methods

Materials
Adipogenesis
Confl uent cultures of ASCs were induced to adipogenesis by replacing the medium with an adipocyte induction cocktail containing DMEM/F-12 Ham's with 3% FBS, 33 μM biotin, 17 μM pantothenate, 1 μM bovine insulin, 1 μM dexamethasone, 0.5 mM isobutylmethylxanthine (IBMX), 5 μM rosiglitazone, and 100 U penicillin/100 μg streptomycin/0.25 μg fungizone. After 72 h, the adipocyte induction medium was replaced with adipocyte maintenance media, which contains the same components as the induction medium except IBMX and rosiglitazone. Induced cells were maintained in culture for 9 days, with adipocyte maintenance medium replacement every 3 days. Upon the ninth day, the cultures were washed twice with pre-warmed PBS and fi xed in formalin at 4°C. Adipocyte quantifi cation was determined by staining neutral lipids with Oil Red O [32, 37, 38] .
Osteogenesis
Confl uent cultures of ASCs were induced to osteogenesis by replacing the medium with an osteogenic induction cocktail containing DMEM/F-12 Ham's, 10% FBS, 10 mM β-glycerophosphate, 50 μg/mL sodium ascorbate 2-phosphate, and 100 U penicillin/100 μg streptomycin/0.25 μg fungizone. The induced cells were fed fresh osteogenic induction media every 3 days for 3 weeks. The cultures were then washed with 0.9% sodium chloride solution and fi xed in 70% ethanol. Osteoblast quantifi cation was determined by Alizarin Red staining for calcium phosphate [32, 37, 38] .
Results
The temperature/time history experienced by the cells in the ethanaol-jacketed container was measured by using a type-T hypodermic needle thermocouples (Omega Technologies, Stamford, CT). Thermocouple voltages were read by a precision temperature data logger (Veriteq Instruments Inc., Richmond, BC, Canada) and transferred to a personal computer for further reduction and data analysis. The various cooling rates experienced by the cells in the ethanol-jacketed container placed in a −80°C freezer when 10% DMSO was used as sole CPA are shown in Figure 1 . The plot suggests that the cells are subjected to different cooling rates at different time points within the ethanol-jacketed container. The ice nucleation was observed around −5°C and subsequently, a cooling rate of ~1.1°C/min was imposed to a temperature of −40°C. The cooling rates experienced by the cells then further drops to 0.3°C/min and 0.1°C/min, before reaching −80°C (Fig. 1) .
As described earlier, the effect of DMSO with concentrations ranging from 0% to 10% as the sole CPA in DMEM (with no serum components), on the post-freeze/ thaw viability, apoptotic and necrotic response of ASCs, was assessed using fl ow cytometry. Characteristic fl ow cytometer fl uorescence dot plots for ASCs frozen/thawed with different concentrations of DMSO as determined by annexin V staining and PI uptake are shown in Figure 2 . The fluorescence dot plots for cells frozen in the presence
Cell viability and apoptosis/necrosis assessment
A well-established annexin V apoptosis assay was analyzed by quantitative fl ow cytometry [33] [34] [35] . As a chemically induced apoptotic control, ASCs were incubated for 24 h in fresh medium enriched with etoposide (40 μM), a cytotoxic drug that induces DNA strand breaks by interaction with DNA topoisomerase II. For a necrotic control, ASCs were incubated for 24 h in fresh medium with 5 mM hydrogen peroxide (H 2 O 2 ). The no treatment control consisted of ASCs treated in fresh medium, free from inducing agents. For each treatment, detached and attached cells were pooled, harvested by trypsinization (0.25% trypsin), washed with 10 mL of culture medium, and resuspended in 100 μL of 1× annexin-binding buffer (included in annexin V-FITC/PI kit). Approximately 100 μL of the cell suspension was mixed with 8 μL of annexin-V-FITC and 8 μL of 100 μg/ mL propidium iodide (PI) and incubated in the dark at room temperature for 15 min. Liquid volume was removed by centrifugation and aspiration, and the cells were resuspended by gentle vortexing in 300-500 μL of 1× annexin-binding buffer prior to analysis on the fl ow cytometer. Apoptotic analyses for ASCs were performed on a FACSCalibur fl ow cytometer (BD Biosciences, San Jose, CA) utilizing 488-nm laser excitation and fl uorescence emission at 530 nm (FL1) and >575 nm (FL3). Forward and side scatter measurements were made using linear amplifi cation, and all fl uorescence measurements were made with logarithmic amplifi cation. A total of 20,000 events per sample were acquired using Cell Quest software (BD Biosciences, San Jose, CA).
Apoptosis is characterized by phosphatidylserine (PS) translocation from the inner leafl et to the outer leafl et of the lipid bilayer, while the cell membrane remains intact. 144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185   186  187  188   189  190  191  192  193  194  195  196  197  198  199  200  201  202  203   204  205  206  207  208  209  210  211  212  213   214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239 the number of discrete events collected was ~20,000 events (or cells) per run but with 0% DMSO this value was reduced to 8,000 to 9,000 events; presumably, because of the significantly larger necrotic cells within the population that are collected as debris during cell processing for fl ow cytometry. Similar population quadrant analysis was performed on all other experimental treatments to obtain quantitative information on the condition of the cells following the freeze/thaw process for the different media combinations investigated as part of this study. The post-thaw results obtained from the most routinely used cryopreservation media, either 80% fetal calf serum (FCS) with 10% DMSO in DMEM or 80% human serum (HS) with 10% DMSO in DMEM, were used as controls. The postthaw behavior of cells frozen obtained using this traditional cryopreservation media is shown in Table 2 . The viability of P1 ASCs cryopreserved in the control media containing 80% FCS with 10% DMSO in DMEM was ~83% ± 8% (Table  2) . Presumably, this routinely used cryopreservation media produces maximum viability; therefore, this data was used as a control to compare with the data obtained from the various freezing media tested in this study. The control data also suggests that the choice of the serum (human serum, HS or fetal calf serum, FCS) does not signifi cantly alter the P1 ASC survival when frozen/thawed in 10% DMSO and DMEM (Table 2 ). Additional data from assay experiments (unfrozen cells, apoptotic control treated with etoposide, necrotic cells treated with H 2 O 2 ) are also shown in Table 2 .
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percentage of necrotic cells with 10% DMSO and 1% MC was signifi cantly lower (4.1% ± 3.1%) from the other 3 treatments investigated with 1% MC (~35%-40%). Additional experiments conducted with decreasing percentage of MC lead to an even further decrease in cell viability (data not shown). Clearly, the data suggests the following: (i) the use of 1% MC decreased the cell survival signifi cantly from ~83% to ~47%, that is, comparing the data with the traditional freezing media from Table 2 and 1% MC with DMEM; (ii) the addition of 10% DMSO signifi cantly improves the cell viability, that is, the post-thaw cell viability with 1% MC in DMEM (~47%) is signifi cantly lower than that obtained with DMEM containing 1% MC and 10% DMSO (~80%). Fortunately, the data obtained with 10% DMSO and 1% MC in DMEM is comparable to control data obtained with 80% FCS (or 80% HS) with 10% DMSO in DMEM. Thus, suggesting that the serum (FCS or HS) in the freezing media can be replaced by 1% MC.
Based on these results, additional experiments were performed without MC and with varying percentages of DMSO in DMEM. Figure 4 shows the post-thaw results obtained for P1 ASCs frozen in DMEM with varying percentage of DMSO (0%, 2%, 4%, 6%, 8%, and 10%). Although the highest percentage of post-thaw survival was achieved with a concentration of 10% DMSO (87.9% ± 2.9%), the post-thaw survival values obtained with DMSO concentrations of 2%, 4%, 6%, and 8% are comparable and were 83.8% ± 5.3%, 80.6% ± 3.1%, 86.0% ± 4.6%, and 85.6% ± 2.8%, respectively. However, freezing P1 ASCs in the absence of DMSO was detrimental to cell survival (the post-thaw cell survival dropped significantly to 25.3% ± 5.7%). Correspondingly, the percentage of apoptotic and necrotic cells are also comparable in DMEM containing 2%-10% DMSO. Specifi cally, the apoptotic cells ranged from 4.3% ± 2.6% (with 10% DMSO) to 8.2% ± 6.2% (with 2% DMSO) while the necrotic cells ranged from 4.6% ± 2.7 % (with 10% DMSO) to 7.0% ± 5.2% (with 4% DMSO). And fi nally, it is interesting to see the comparative behavior of MC and DMSO as the CPA of choice. The percentage of cell survival with 1% MC in DMEM was 46.8% ± 7.6% and was signifi cantly lower than the value obtained earlier for cells frozen with 10% DMSO in DMEM (87.9% ± 2.9%) and with 2% DMSO in DMEM (83.8% ± 5.3%). Thus, replacing DMSO with MC as the sole CPA leads to a signifi cant reduction (~50%) in the post-thaw cell viability of P1 ASCs. Statistically, the only signifi cant differences in the data shown in Figure 4 were found when the cells were frozen Figure 3 shows the post-thaw results obtained for P1 ASCs frozen in DMEM with 1% MC supplemented with either no additions or minimal concentrations of serum (10% HS, 10% FCS) or 10% DMSO. The highest percentage of post-thaw cell survival was found for cells frozen with 10% DMSO (79.8% ± 2.8%) and the lowest values were found for cells frozen with 10% HS or 10% FCS alone (~40.0% ± 8%). It is also interesting to see that the addition of 10% HS or 10% FCS to DMEM with 1% MC did not signifi cantly alter the post-thaw viability results, that is, the cell survival is statistically similar between 1% MC in DMEM (46.8% ± 7.6%) and with 10% HS (or 10% FCS) with 1% MC in DMEM (~40.0% ± 8%). Intriguingly, the percentage of apoptotic cells essentially remained constant (~12%-14%) between the four media investigated with 1% MC (see Fig. 3 ). However, the 
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To address whether the presence and absence of serum and DMSO during cryopreservation affects post-thaw adipogenic and osteogenic differentiation in ASCs, we utilized Toluidine Blue, Oil Red O, and Alizarin Red to stain the undifferentiated ASCs, adipocytes, and osteoblasts, respectively (Fig. 5) . The ASCs after 14 days of adipogenic induction and 21 days of osteogenic induction displayed morphological features consistent with adipogenesis or osteogenesis comparable to unfrozen cells (data not shown). Representative photomicrographs in Figure 5 show undifferentiated ASCs stained positive with Toluidine Blue (Row 1), adipocytes stained positive with Oil Red O (Row 2), and mineralized (osteoblast) cultures stained positive with Alizarin Red (Row 3). Our experiments showed no signifi cant morphological differences between the cells cryopreserved in the presence of either 80% FCS with 10% DMSO in DMEM (Column 1) or 80% HS with 10% DMSO in DMEM (Column 2), or 0% FCS with 10% DMSO in DMEM (Column 3), or 0% FCS with 2% DMSO in DMEM (Column 4). More importantly, the results indicated that the adipogenic or osteogenic morphology of the cells cryopreserved in the presence of 2% DMSO in DMEM and without any serum (Column 4) is consistent with, and no different from, the control experiments with FCS (Column 1) and with HS (Column 2).
Discussion
Earlier reports suggested that MC can simultaneously act as a CPA and a serum supplement [24] [25] [26] [27] [28] [29] [30] [31] . Although, our data suggested that the presence of 1% MC, as the sole with DMSO and without DMSO, that is, even the presence of 2% DMSO was signifi cant and this extremely low concentration was able to cryoprotect P1 ASCs. 
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cell viability for in vivo transplantation applications [58] . For example, Hollister et al. [59] demonstrated that apoptosis is a signifi cant component of cell death in a human prostate cancer cell line (PC3) exposed to cryopreservation temperatures. de Boer et al. [60] observed a signifi cant reduction in the quantity of viable CD34 + cells mainly due to early but irreversible apoptosis. Recently, Sparrow et al. [61] reported that post-thaw umbilical cord blood samples contained signifi cant portion of apoptotic CD34 + cells and lymphocytes when compared to fresh samples. Since, apoptosis is implicated in the delayed onset of cell death and is accompanied by decline in attachment rate and long-time survival, it is important to perform viability assessment at different time points of post-thaw cultured cells. However, assessments at 24 h post-thaw allow for a manifestation of most components of the cell stress cascades and encompass the peak of apoptotic (8-12 h) and necrotic (4-8 h) activities [56] [57] [58] . Hence we have performed fl ow cytometry analysis of apoptosis and necrosis of ASCs, after a 24-h post-thaw incubation, for all the cryopreservation media investigated.
Our post-thaw fl ow cytometry data indicated that there was no signifi cant difference in apoptosis and necrosis in cells preserved in DMSO when compared with that of controls. This was true for all the values of DMSO concentration (2%-10%) that was investigated in the present study; although, the percentage of apoptotic cells increased from ~4% to ~8% as the concentration of DMSO was lowered from 10% to 2%. Cryopreservation of the ASCs in the absence of DMSO signifi cantly increased magnitude of apoptotic and necrotic cells by a factor of 2-4× and 10×, respectively. Similarly, the presence of MC in the cryopreservation media led to an increase in the percentage of apoptotic (~12%-15%) cells when compared with controls (~6%). The percentage of cells exhibiting apoptosis in the presence of either MC alone or MC and serum was comparable to that obtained with MC and DMSO. However, the percentage of necrotic cells decreased dramatically from ~38% to ~4% when DMSO was added to the freezing media with MC. Thus, almost all of the increase in the cell viability obtained by adding DMSO to the media with MC can be correlated to the decrease in necrotic cells. This suggests that DMSO acts a true cryoprotectant and reduces the cell damage during the freeze/thaw process while MC has a minimal effect, at best, in preventing freeze/thaw injury (and apoptosis) of ASCs.
And fi nally, it is important to consider our results in terms of the broader area of cryobiology and water/ice biophysics; namely, the effect of imposed cooling rates, storage temperature, and thawing rates. As shown in Figure 1 , extracellular ice nucleation was observed around −5°C and subsequently, a cooling rate of ~1.1°C/min was imposed to a temperature of -40°C. The cooling rates experienced by the cells then further drops to 0.3°C/min and 0.1°C/min, before reaching −80°C. Obviously, these cooling rates are slightly modifi ed, ±10%, based on the freezing media (data not shown). However, based on our prior experience with the biophysics of freezing these cells [4] [5] [6] , these cooling rates are slow enough to avoid damaging intracellular ice formation during freezing while being fast enough to prevent prolonged exposure to concentrated extracellular salt solutions. As described earlier, the cells were stored in liquid nitrogen (approximately −160°C) for 2 weeks, before being rapidly thawed. The temperature of liquid nitrogen is below the glass transition temperature of the freezing solutions used CPA, in DMEM signifi cantly increased the viability when compared to its absence (ie, DMEM with 1% MC and DMEM alone); the overall outcome still yielded a signifi cant loss (~50%) of viable cell population when compared with controls (ie, DMEM with 1% MC and DMEM with 80% serum and 10% DMSO). Intriguingly, the use of 1% MC in conjunction with 10% DMSO yielded post-thaw viabilities that are comparable to that of controls. It should be noted, as stated earlier, that concentrations above 1% MC were found to be highly viscous and hard to handle and hence were not used in the present study. This limitation on the percentage of MC in solution was due to the a priori selection of a commercially available high-viscosity grade MC (Methocel® MC, viscosity of 3,000-5,500 mPa·s for 2% in water, 20°C). Future studies with possibly lower or higher viscosity grade MC are clearly warranted and will be performed as time and resources permit.
Recently, there have been several reports suggesting that cells can be successfully cryopreserved with minimal concentrations of DMSO [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . For example, Zhao et al. [46] showed that the use of 5% or 10% DMSO in combination with either 20% or 70% serum produced similar results during cryopreservation of fetal human liver CD34 + cells. Abrahamsen et al. [49] showed that cryopreserving peripheral blood progenitor cells (PBPC) with 5% DMSO instead of 10% DMSO produced improved CD34 + cell viability, while Stiff et al. [50] developed an alternative cryopreservation protocols for hematopoietic stem cells using 5% DMSO in conjunction with 6% hydroxyethyl starch (HES). Furthermore, Liseth et al. [51] concluded that the post-thaw survival for CD34 + was almost identical when frozen with either 4% or 5% DMSO but further lowering the concentration of DMSO to 2% had an adverse effect on post-thaw cell survival.
To the best of our knowledge no study has as yet investigated or reported the effect of DMSO during cryopreservation of ASCs in serum-free conditions. Considering the current status of adipose stem cell tissue engineering, we believe the time is ripe for the development of alternative cryopreservation methods for ASCs that can be directly translated to in vivo clinical trials. Thus, as described earlier, we have performed the current set of experiments on adult stem cell using media without serum (either FCS or HS) and minimal concentrations of DMSO. The present study indicated no signifi cant differences in ASC cell viability and apoptosis when cells were cryopreserved with DMSO concentration ranging between 2% and 10%. However, a further decrease in DMSO from 2% to 0% was extremely detrimental. This critical fi nding suggests that there must be a "minimal" threshold concentration of DMSO, between 0% and 2%, that should successfully cryopreserve ASCs without any signifi cant loss in viability. Experiments to determine this "minimal" threshold of DMSO are currently being performed. One possible explanation for this cryoprotective ability of DMSO is its ability to stabilize the cell membrane bilayer gel phase rather than the interdigitated gel phase, even at low concentrations [52] [53] [54] .
Recent evidence suggests that the freeze/thawing process induces extensive early apoptosis stress activation pathways, which can lead to a time-dependent decline in viability and function at culture temperatures [55] [56] [57] [58] [59] [60] [61] . Therefore, consideration must be given to the adoption of methods that simultaneously detect early apoptotic cells along with necrotic cells for a more accurate assessment of post-thaw in this study [62] [63] [64] and hence ensure the total solidifi cation (and long-term stability) of the frozen sample. The thawing rate was based on an earlier study by Thirumala et al. [5] that investigated the effect of various freezing parameters on the immediate post-thaw integrity of frozen/thawed ASCs and was chosen to be 40°C/min (or rapid thawing). Rapid thawing has also been postulated to prevent the coalescence of large and possibly, damaging intracellular and extracellular ice crystals during the thawing process [65] and hence was utilized in this study as well.
Conclusion
The results of this study demonstrate: (i) the lack of sensitivity in the post-thaw data to the choice of serum, that is, either FCS or HS, in the freezing media; (ii) the ability of MC to act as replacement for serum in the freezing media only when used in conjunction with DMSO and not on its own; and (iii) the cryoprotective ability of DMSO even at the extremely low concentration of 2% in DMEM. Most importantly, the P1 ASCs frozen/thawed solely in the presence of 2% DMSO (ie, in the absence of serum) displayed similar phenotype (morphology and growth/differentiation characteristics) when compared to the cells cryopreserved in 80% serum with 10% DMSO in DMEM. 500  501  502  503  504  505  506  507  508  509  510  511   512  513  514  515  516  517  518  519  520  521  522   523  524   525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542   543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611 
